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Introduction {#hep41103-sec-0001}
============

Hepatitis C is a virus that infects the liver, potentially leading to cirrhosis, hepatocellular carcinoma (HCC), and death. Approximately 71 million people worldwide and 3.5 million people in the United States are chronically infected with the hepatitis C virus (HCV).[1](#hep41103-bib-0001){ref-type="ref"}, [2](#hep41103-bib-0002){ref-type="ref"} HCV is the most common type of blood‐borne infection in the United States and a leading cause of liver disease; half of all HCC patients and one third of those needing a liver transplant are positive for HCV.[3](#hep41103-bib-0003){ref-type="ref"}, [4](#hep41103-bib-0004){ref-type="ref"}, [5](#hep41103-bib-0005){ref-type="ref"} Acute infection with HCV is asymptomatic, and many individuals infected with HCV are unaware of their disease status.[5](#hep41103-bib-0005){ref-type="ref"} The modes of HCV transmission include injection drug use, occupational exposure to contaminated blood, sexual transmission, perinatal exposure, and others. The risk of infection by injection drug use is higher than for other modes,[5](#hep41103-bib-0005){ref-type="ref"} and it increases substantially with time and age.[6](#hep41103-bib-0006){ref-type="ref"} Various demographic groups are at elevated risk for HCV infection, including male individuals, veterans, low‐income individuals, African Americans, Latinos, and those born between 1945 and 1965.[5](#hep41103-bib-0005){ref-type="ref"}, [7](#hep41103-bib-0007){ref-type="ref"}

Once infected, approximately one quarter of those with HCV will spontaneously clear the virus.[8](#hep41103-bib-0008){ref-type="ref"} The remaining 60% to 80% of those infected with HCV will become chronically infected.[9](#hep41103-bib-0009){ref-type="ref"} Chronic HCV infection leads to histologic changes in the liver, including steatosis, inflammation, fibrosis, cirrhosis, and possibly HCC. HCV further generates oxidative stress and the release of proinflammatory cytokines, such as interleukin‐1β and tumor necrosis factor alpha, which contribute to local and systemic inflammation.[10](#hep41103-bib-0010){ref-type="ref"} Fibrosis leads to cirrhosis in about 7%‐18% of chronically infected individuals.[11](#hep41103-bib-0011){ref-type="ref"}

Oxidative stress is defined as the production of reactive oxygen species (ROS) and reactive nitrogen species that exceeds the cell\'s capacity to neutralize these molecules by antioxidant mechanisms.[12](#hep41103-bib-0012){ref-type="ref"} Oxidative stress is well documented in patients with HCV, and ROS levels correlate with the progression of liver disease.[13](#hep41103-bib-0013){ref-type="ref"}, [14](#hep41103-bib-0014){ref-type="ref"}, [15](#hep41103-bib-0015){ref-type="ref"} ROS levels are highest and antioxidant levels are lowest in patients with HCV genotypes 1 and 4, the genotypes most often associated with severe disease.[16](#hep41103-bib-0016){ref-type="ref"} Five HCV‐derived proteins can stimulate ROS production while simultaneously activating a pathway for antioxidant production.[17](#hep41103-bib-0017){ref-type="ref"} The release of intracellular ROS by these proteins is attributed to multiple events, including mitochondrial dysfunction, calcium release from the endoplasmic reticulum, and the activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOXs).[18](#hep41103-bib-0018){ref-type="ref"} The role of NOX in HCV is particularly intriguing as some NOX proteins are activated by calcium, and two others, NOX1 and NOX4, produce superoxide in response to HCV core protein.[19](#hep41103-bib-0019){ref-type="ref"}, [20](#hep41103-bib-0020){ref-type="ref"}

The NOX family comprises seven homologous enzymes known as NOX1, NOX2, NOX3, NOX4, NOX5, dual oxidase (DUOX)1, and DUOX2. All are transmembrane proteins that use NADPH as a substrate to transfer two electrons across a membrane.[21](#hep41103-bib-0021){ref-type="ref"} NOXs are recognized for their roles in innate immunity. They contribute to the respiratory burst and to cell‐signaling events generating inflammatory responses. NOXs are expressed in a large number of tissue and cell types[22](#hep41103-bib-0022){ref-type="ref"} and have been implicated in many diseases, including cancer, gastrointestinal inflammation, atherosclerosis, thyroid dysfunction, and hearing loss.[23](#hep41103-bib-0023){ref-type="ref"} In the liver, hepatocytes and immune, stellate, and endothelial cells all express NOX.[24](#hep41103-bib-0024){ref-type="ref"} NOX expression and activity are associated with liver injury in HCV and in alcoholic hepatitis, and NOXs are up‐regulated in activated stellate cells. Accordingly, several NOX isoforms are implicated in the development of hepatic fibrosis.[24](#hep41103-bib-0024){ref-type="ref"}

The aim of this study was to investigate whether single nucleotide polymorphisms (SNPs) in NOX members, including regulatory factors, are associated with the progression of HCV‐induced inflammation and fibrosis. A second goal was to determine whether death from any cause was associated with SNPs in the NOX family. We discovered that three SNPs in two distinct populations were significant predictors for fibrosis and inflammation in patients with HCV. This study is the first to compare the genetic makeup of the NOX family members as a functional group to the progression of liver disease.

Participants and Materials {#hep41103-sec-0002}
==========================

PATIENT COHORT {#hep41103-sec-0003}
--------------

All participants gave written informed consent for the use of genetic information under institutional review board protocols 91‐DK‐0214 (NCT00001971) and 00‐DK‐0125 (NCT00005657). Both protocols were reviewed by the National Institute of Diabetes and Digestive and Kidney Diseases Institutional Review Board and are registered in [ClinicalTrials.gov](http://ClinicalTrials.gov). The study cohort comprised 421 patients treated for hepatitis C at the National Institutes of Health (NIH) Clinical Center over the past two decades. The cohort included two races: patients of European descent (Caucasians, n = 331) and those of African descent (Africans, n = 90). Of these, 288 Caucasians and 71 Africans had undergone needle biopsy at least once, and all patients donated blood samples. All biopsy samples were interpreted by a single pathologist. The biopsy parameters and range of values observed in this study, which did not always reach the maxima possible, were as follows: histological activity index Ishak fibrosis score as modified by Knodell[25](#hep41103-bib-0025){ref-type="ref"}, [26](#hep41103-bib-0026){ref-type="ref"} (0--6), periportal inflammation (0--6), lobular inflammation (1--4), portal inflammation (0--4), and total inflammation (1--14). The Ishak fibrosis score was analyzed two ways: (1) in terms of the Ishak fibrosis score that was measured in the patient\'s first biopsy, i.e., at the onset of treatment, and (2) in terms of the highest Ishak fibrosis score achieved by a patient over the entire treatment period. All other pathology scores were measured at the onset of treatment. Demographic information was available for all patients. Information on whether patients had died at any point up until August 2014 and the date of each death was collected through a publicly available death records database (<https://www.dobsearch.com/>) as well as from in‐house communication and obituaries.

GENOTYPING {#hep41103-sec-0004}
----------

DNA was extracted from whole blood samples using the Qiagen Flexigene DNA Kit (Cat. No. 51206; Germantown, MD). DNA samples were checked for quality and purity and then diluted to 15 ng/µL. TagSNPs were selected from the International HapMap Project (release 27, phases I, II, and III) African ancestry in Southwest United States and Utah residents with Northern and Western European ancestry HapMap populations, using an NIH/National Institute of Environmental Health Sciences web tool (<http://snpinfo.niehs.nih.gov/snpinfo/snptag.html>). TagSNPs with a minor allele frequency ≥0.05 occurring in 14 genes forming the NOX complex were selected. These genes comprised *NOX1, NOX2/CYBB, NOX3, NOX4, NOX5, DUOX1, DUOX2, RAC1, RAC2, CYBA, NCF2, NCF4, NOXA1*, and *NOXO1*. No HapMap‐defined tagSNPs were available for *neutrophil cytosolic factor 1* (*NCF1*), and tagSNPs in the 5' and 3' regions surrounding the target genes were not included. The DNA sequence flanking each tagSNP was acquired from the dbSNP database (National Center for Biotechnology Information) and then entered into the Sequenom (now Agena; San Diego, CA) Assay Design Suite that runs a five‐step algorithm to design primers and assemble other assay information to be used in the Sequenom MassArray system (<https://www.agenacx.com/Home>). Forward and reverse primers for the initial polymerase chain reaction step along with extension primers for the single base extension step were purchased from Invitrogen (now Thermo Fisher Scientific; Waltham, MA).

All patient DNA samples were genotyped using the Sequenom iPlex system. This system couples mass spectrometry with wet chemistry using automated liquid handling pipettors and other high‐throughput machinery. Multiplexed polymerase chain reactions were set up according to the Sequenom manual. Following genotyping, the data were filtered by (1) removing samples that were missing more than 10% of the targeted genotypes; (2) retaining only those tagSNPs (henceforth abbreviated SNPs) that amplified in at least 95% of the samples; and (3) dropping SNPs that did not show any variance. The final genotype data set included 243 SNPs. Because not all SNPs occur in both the Caucasian and African populations and those that do often have inherent differences in minor allele frequency, the data set was split into two, one for each race. Only those SNPs known to occur in a given race were retained in the respective race\'s data set. All subsequent analyses were performed separately on each data set. The Caucasian cohort contained 331 patients and 183 SNPs, while the African cohort contained 90 patients and 211 SNPs. Genotypes and mortality status were available for all members of each cohort, whereas biopsy‐based phenotypes were available for 71 and 288 African and Caucasian patients, respectively.

HARDY‐WEINBERG EQUILIBRIUM {#hep41103-sec-0005}
--------------------------

The SNPs occurring in each data set were tested for Hardy‐Weinberg Equilibrium (HWE) using Pearson\'s chi square test in SVS version 8.4.1 (Golden Helix, Bozeman, MT, through the NIH Library Bioinformatics Support Program). SNPs located on the X chromosome were tested for HWE only in the female individuals of the appropriate race. In all cases, a Bonferroni correction was applied. The thresholds for significance were as follows: for non‐X chromosome African SNPs: 0.00025; for X chromosome African SNPs: 0.004; for non‐X chromosome Caucasian SNPs: 0.0003; and for X chromosome Caucasian SNPs: 0.004. Only rs5917471, occurring on the X chromosome in the African population, was significant for HWE (*P* = 0.0020); it was therefore dropped from further analysis, reducing the African data set to 210 SNPs.

DATA REDUCTION AND RECODING {#hep41103-sec-0006}
---------------------------

All SNPs were bi‐allelic. The pathology scores and mortality status represented the phenotypes of interest, while the SNPs served as independent variables. With 210 and 183 SNPs in the African and Caucasian data sets, respectively, along with small sample sizes, we recognized that the dimensions of the data sets might lead to low statistical power. Therefore, the linkage disequilibrium (LD) Pruning tool in SVS (Golden Helix) was used to remove SNPs with redundant information by virtue of LD with other SNPs. For the African cohort, a genetic marker map was applied and the LD Pruning tool was executed using the expectation--maximization method and a window size of 210, an increment set to 2, and the LD threshold set to 0.7. For the Caucasian cohort, a genetic maker map was applied and the same settings as before were used to run the LD Pruning tool, except that the window size was set to 183. Using this tool, 21 SNPs were dropped from the African data set, leaving 189 SNPs for analysis, while 64 SNPs were dropped from the Caucasian data set, with 119 SNPs remaining ([Supporting Table S1](http://onlinelibrary.wiley.com/doi/10.1002/hep4.1103/suppinfo)). All subsequent tests of association and the survival analysis were conducted using the LD pruned version of the African and Caucasian data sets.

All phenotypes were recoded into binary factors except for total inflammation. The recoding strategy separated patients with advanced disease from the rest of the cohort for each phenotype, as shown in Table [1](#hep41103-tbl-0001){ref-type="table-wrap"}. We also questioned whether there were trends in SNP composition among Ishak scores when the samples were divided to include a middle range of scores. Consequently, we conducted a second round of recoding on the first‐observed and highest achieved Ishak fibrosis scores to divide them into three categories (Table [1](#hep41103-tbl-0001){ref-type="table-wrap"}).

###### 

RECODING STRATEGY FOR ALL PHENOTYPES EXCEPT TOTAL INFLAMMATION

  Phenotype                                 Original Range of Values   Recoded Values
  ----------------------------------------- -------------------------- ----------------
  First observed Ishak score (binary)       0‐4                        0
                                            5‐6                        1
  First observed Ishak score (3 levels)     0‐2                        0
                                            3‐4                        1
                                            5‐6                        2
  Highest observed Ishak score (binary)     0‐4                        0
                                            5‐6                        1
  Highest observed Ishak score (3 levels)   0‐2                        0
                                            3‐4                        1
                                            5‐6                        2
  Periportal inflammation                   0‐3                        0
                                            4‐6                        1
  Portal inflammation                       0‐1                        0
                                            3‐4                        1
  Lobular inflammation                      1‐3                        0
  Lobular inflammation                      4                          1

STATISTICAL ANALYSIS {#hep41103-sec-0007}
--------------------

The association between each SNP and each recoded phenotype was assessed by Fisher\'s exact test. After all SNPs were compared with a given phenotype, the false discovery rate (FDR) multiple test correction was applied to each *P* value. The observed values for total inflammation spanned 14 levels, so this variable was treated as continuous, and SNPs were tested for association using the Kruskal‐Wallis test, followed by the FDR multiple test correction. The predictive value of each SNP that was significantly associated with a phenotype was assessed by logistic regression. Age and sex were included as covariates because these factors potentially affect the progression of HCV‐related liver disease.[27](#hep41103-bib-0027){ref-type="ref"}, [28](#hep41103-bib-0028){ref-type="ref"}

To assess the risk of death associated with each SNP, all genotypes were converted to numeric values using the additive model and Cox proportional hazards regression was executed for each SNP. Two approaches, using different covariates, were used. In the first approach, periportal inflammation, the first‐observed and the highest achieved Ishak fibrosis scores (recoded as binary factors), were included as covariates. In the second approach, the same phenotypes were used as covariates but with the first‐observed and highest achieved Ishak fibrosis scores recoded to three levels. For all models, the overall survival (or time to death) was measured from the date of birth (because the diagnosis of HCV may come years after infection) to the date of death or to the last date of the year when the latest death occurred. The FDR multiple test correction was applied to all results.

For tests of association, FDR‐corrected *P* values \< 0.05 were considered significant. For logistic regression, *P* values \< 0.05 were considered significant. The Fisher exact test, Kruskal‐Wallis Test, FDR multiple test correction, and logistic regression were performed in R (version 3.1.2). Cox proportional hazard models were conducted using SAS (version 9.4).

Results {#hep41103-sec-0008}
=======

Clinical and pathologic attributes of the study cohorts are provided in Table [2](#hep41103-tbl-0002){ref-type="table-wrap"}. Both at the time of the first biopsy and at the time the highest Ishak score was reached, African patients were, on average, older than Caucasian patients and had significantly more fibrosis. The two cohorts were not significantly different in terms of inflammation.

###### 

CLINICAL AND PATHOLOGIC ATTRIBUTES OF THE AFRICAN AND CAUCASIAN COHORTS

  Parameter                                                                                                      African Cohort   Caucasian Cohort   *P* Value
  -------------------------------------------------------------------------------------------------------------- ---------------- ------------------ -----------
  Males (number, % of cohort)[a](#hep41103-note-0003){ref-type="fn"}                                             56 (62)          196 (59)           0.606
  Deceased (number, % yes)[a](#hep41103-note-0003){ref-type="fn"}                                                16 (18)          43 (13)            0.246
  Age at first biopsy (mean, range)[b](#hep41103-note-0004){ref-type="fn"}                                       51 (34--74)      47 (20--76)        \<0.001
  Age at biopsy with highest Ishak fibrosis score (mean, range)[b](#hep41103-note-0004){ref-type="fn"}           53 (36--74)      49 (20--76)        0.002
  Ishak fibrosis score, first biopsy (median)[c](#hep41103-note-0005){ref-type="fn"}                             3                2                  0.016
  Ishak fibrosis score, highest achieved over treatment period (median)[c](#hep41103-note-0005){ref-type="fn"}   3                2                  0.040
  Periportal inflammation, first biopsy (median)[c](#hep41103-note-0005){ref-type="fn"}                          3                3                  0.799
  Lobular inflammation, first biopsy (median)[c](#hep41103-note-0005){ref-type="fn"}                             4                4                  0.269
  Portal inflammation, first biopsy (median)[c](#hep41103-note-0005){ref-type="fn"}                              1                1                  0.520
  Total inflammation, first biopsy (median)[c](#hep41103-note-0005){ref-type="fn"}                               8                8                  0.871

Pearson\'s chi square test;

Two‐sample Student *t* test, two‐tailed, pooled variances;

Mann‐Whitney *U* test.

In the African cohort, rs12753665, located in an intron of *NCF2*, was significantly associated with the highest Ishak score achieved over the course of treatment (FDR *P* = 0.018). All patients who were homozygous for the A allele of rs12753665 (n = 7) reached advanced fibrosis or cirrhosis (Ishak scores 5‐6) during their treatment period versus 22% to 25% of patients who were heterozygous or homozygous for the G allele (Fig. [1](#hep41103-fig-0001){ref-type="fig"}). This SNP was a significant predictor *(P* = 0.005) for the highest Ishak score after controlling for age and sex. Odds ratios (ORs) and confidence intervals (CIs) for the risk of advanced fibrosis or cirrhosis could not be generated due to a lack of convergence of regression models. Interestingly, rs12753665 also was associated with the Ishak fibrosis score at the onset of treatment, but the relationship was not significant (FDR *P* = 0.100).

![Number of patients with HCV in the African cohort, by rs12753665 genotype, who reached advanced fibrosis/cirrhosis versus none, mild, or moderate fibrosis over the course of treatment. Gray represents none, mild, or moderate fibrosis (Ishak fibrosis score 0‐4); black represents advanced fibrosis or cirrhosis (Ishak fibrosis score 5‐6).](HEP4-1-973-g001){#hep41103-fig-0001}

Also in the African cohort, an intronic SNP occurring in the *NCF4* gene, rs760519, was significantly associated with the Ishak fibrosis score at the onset of treatment (FDR *P* = 0.017). Over two thirds (69%) of African patients who were homozygous for the T allele had Ishak scores between 3 and 6 (moderate fibrosis through cirrhosis) at the onset of treatment compared to 16% of those who were heterozygous (C/T; Fig. [2](#hep41103-fig-0002){ref-type="fig"}). None of the African patients were homozygous for the C allele of rs760519. The rs760519 genotype was a significant predictor *(P* = 0.0003) for the Ishak fibrosis score at the onset of treatment after controlling for age and sex. Patients who were homozygous for the T allele of rs760519 had 36 times higher risk of moderate fibrosis (versus none or mild) than patients who were heterozygous (C/T) for rs760519 (OR, 35.8; 95% CI, 3.98‐321). Furthermore, patients who were homozygous for the T allele had 5 times higher risk of advanced fibrosis (versus none or mild) than patients who were heterozygous (C/T) for rs760519 (OR, 4.99; 95% CI, 0.897‐27.8). Thus, homozygosity for the T allele appeared to predispose African patients to greater levels of fibrosis.

![Number of patients with HCV in the African cohort, by rs760519 genotype, who had none to mild, moderate, or advanced fibrosis/cirrhosis at the onset of treatment. Light gray represents none to mild fibrosis (Ishak fibrosis score 0‐2); dark gray represents moderate fibrosis (Ishak fibrosis score 3‐4); black represents advanced fibrosis or cirrhosis (Ishak fibrosis score 5‐6).](HEP4-1-973-g002){#hep41103-fig-0002}

In the Caucasian cohort, rs2292464, a SNP located in an intron of *DUOX1*, was significantly associated with periportal inflammation (FDR *P* = 0.041). Only 4% of patients who were homozygous for the T allele presented with advanced periportal inflammation at the onset of treatment, whereas 26% of patients who were heterozygous (C/T) and 29% of patients who were homozygous for the C allele had advanced periportal inflammation when treatment was initiated (Fig. [3](#hep41103-fig-0003){ref-type="fig"}). The rs2292464 genotype was a significant predictor *(P* = 0.002) for periportal inflammation after controlling for age and sex. Patients who were homozygous for the C allele of rs2292464 had 11 times higher risk of having advanced periportal inflammation compared to patients who were homozygous for the T allele (OR, 10.6; 95% CI, 2.38‐47.3). Similarly, Caucasian patients who were heterozygous (C/T) for rs2292464 had 9 times higher risk of having advanced periportal inflammation compared to patients who were homozygous for the T allele (OR, 8.54; 95% CI, 1.98‐36.9). Thus, homozygosity for the T allele appeared to protect Caucasian patients from developing advanced periportal inflammation prior to treatment.

![Number of patients with HCV in the Caucasian cohort, by rs2292464 genotype, who had none to moderate versus advanced periportal inflammation. Gray represents none to moderate periportal inflammation (score 0‐3); black represents advanced periportal inflammation (score 4‐6).](HEP4-1-973-g003){#hep41103-fig-0003}

Interestingly, rs2292464 was associated with the highest Ishak fibrosis score achieved over the course of treatment, but the relationship was not significant *(P* = 0.100). No SNPs in either cohort were associated with portal, lobular, or total inflammation.

By Cox regression, no SNPs were significant risk factors for death. However, in the Caucasian cohort, a SNP in an intron of the *NOX4* gene, rs10830277, was mildly associated with the risk of death *(P* = 0.104), using periportal inflammation and the first‐observed and highest achieved Ishak fibrosis scores, recoded into three levels, as covariates.

Discussion {#hep41103-sec-0009}
==========

In this exploratory study, we assessed whether polymorphisms in the genes encoding the seven members of the NOX family, and their regulatory factors, were associated with the progression of liver disease in patients with HCV. We also tested whether these polymorphisms were risk factors for death, given a patient\'s state of hepatic inflammation and fibrosis. We conducted our analyses race specifically and discovered that three SNPs were significantly associated with the progression of liver disease.

In the African cohort, rs12753665 and rs760519 were significantly associated with Ishak score. rs12753665 is located in an intron of *NCF2*, while rs760519 falls in an intron of *NCF4*. All African patients who were homozygous for the A allele of rs12753665 had progressed to advanced fibrosis or cirrhosis over their course of treatment compared to only about one quarter of those who were heterozygous (A/G) or homozygous for the G allele, respectively (Fig. [1](#hep41103-fig-0001){ref-type="fig"}). This SNP remained a significant predictor for fibrosis after controlling for age and sex and was mildly but not significantly associated with the Ishak fibrosis score at the onset of treatment. Similarly, only 16% of patients who were heterozygous (C/T) for rs760519 presented with moderate to advanced fibrosis or cirrhosis at the onset of treatment compared to 69% of those who were homozygous for the T allele (Fig. [2](#hep41103-fig-0002){ref-type="fig"}). After controlling for age and sex, the rs760519 genotype was a significant predictor for the Ishak fibrosis score at the onset of treatment. Patients who were homozygous for the T allele of rs760519 had 36 times and 5 times the risk of having moderate or advanced fibrosis, respectively, relative to patients who were heterozygous (C/T) for rs760519.

To our knowledge, no significant associations between rs12753665 or rs760519 and any chronic disease have been reported nor have the protein products of *NCF2* and *NCF4* been studied for their roles in human liver disease. However, the importance of these genes in innate immunity and inflammation is evident from studies of nonhepatic diseases. Missense and nonsense variants in *NCF2* and *NCF4* along with mutations in other NOX family members cause autosomal recessive chronic granulomatous disease.[29](#hep41103-bib-0029){ref-type="ref"}, [30](#hep41103-bib-0030){ref-type="ref"}, [31](#hep41103-bib-0031){ref-type="ref"}, [32](#hep41103-bib-0032){ref-type="ref"}, [33](#hep41103-bib-0033){ref-type="ref"}, [34](#hep41103-bib-0034){ref-type="ref"} Missense variants in *NCF2* have been linked to lupus[35](#hep41103-bib-0035){ref-type="ref"} and very early onset inflammatory bowel disease,[36](#hep41103-bib-0036){ref-type="ref"} and *NCF2* gene expression is significantly elevated in patients with chronic rhinosinusitis who have *Staphylococcus aureus* infection and nasal polyps.[37](#hep41103-bib-0037){ref-type="ref"} Several variants in *NCF4* were identified as susceptibility factors for autoimmune diseases. The variant rs8137602, not tested in our study, was associated with ulcerative colitis in Caucasians.[38](#hep41103-bib-0038){ref-type="ref"} Likewise, an intronic variant, rs4821544, has been implicated in Crohn\'s disease in Caucasians.[39](#hep41103-bib-0039){ref-type="ref"}, [40](#hep41103-bib-0040){ref-type="ref"} This variant was tested in our Caucasian cohort but was not significantly associated with any measures of inflammation or fibrosis. It was not tested in the African cohort because it was dropped during the LD pruning step. Similarly, another intronic SNP, rs729749, was linked to rheumatoid arthritis in autoantibody‐negative Swedish men.[41](#hep41103-bib-0041){ref-type="ref"} In our study, it was not significantly associated with inflammation or fibrosis in the African cohort and it was not tested in the Caucasian cohort as it was dropped during the LD pruning step.

In the Caucasian cohort, rs2292464, a SNP found in an intron of *DUOX1*, was significantly associated with periportal inflammation. At the onset of treatment, only 4% of patients who were homozygous for the T allele had advanced periportal inflammation compared to 26%‐29% of patients who were heterozygous (C/T) or homozygous for the C allele (Fig. [3](#hep41103-fig-0003){ref-type="fig"}). After controlling for age and sex, the rs2292464 genotype remained a significant predictor for periportal inflammation. Patients who were homozygous for the C allele or heterozygous (C/T) had, respectively, 11 times and 9 times greater risk of having advanced periportal inflammation compared to those who were homozygous for the T allele. Interestingly, rs2292464 also was mildly but not significantly associated with the highest Ishak fibrosis score achieved over the course of treatment. The association of rs2292464 with both periportal inflammation and fibrosis is in accordance with studies demonstrating that periportal inflammation and necrosis increase with progressive stages of fibrosis.[42](#hep41103-bib-0042){ref-type="ref"}

There are no studies to our knowledge testing rs2292464 as a risk factor for any human or other mammalian disease. However, *DUOX1* has been implicated in HCC, and several studies show that *DUOX1* may act as a tumor suppressor gene. For example, Ling et al.[43](#hep41103-bib-0043){ref-type="ref"} found that *DUOX1* messenger RNA expression was significantly decreased in primary HCC tissues, which was due to hypermethylation of the *DUOX1* promoter. Overexpression of *DUOX1* inhibited the growth of cultured cancer cells by arresting the cell cycle and increasing intracellular ROS. A follow‐up study confirmed that in patients with HCC, *DUOX1* expression was decreased in liver tumors relative to adjacent healthy tissues.[44](#hep41103-bib-0044){ref-type="ref"} Furthermore, elevated levels of *DUOX1* transcripts were associated with longer survival, making *DUOX1* prognostic for HCC‐related mortality.[44](#hep41103-bib-0044){ref-type="ref"}, [45](#hep41103-bib-0045){ref-type="ref"} However, another group studying HCC following hepatectomy found that *DUOX1* messenger RNA expression was higher in neoplastic versus adjacent non‐neoplastic tissues and was undetectable in normal liver tissue.[46](#hep41103-bib-0046){ref-type="ref"} Elevated *DUOX1* expression rather than decreased expression was prognostic of a poor outcome in patients with HCC. Aside from the liver, *DUOX1* is highly expressed in the thyroid and lung and to a lesser extent in other adult tissues, including prostate, heart, kidney, pancreas, and placenta.[47](#hep41103-bib-0047){ref-type="ref"} Its physiological role is unclear, and there is disagreement regarding whether it can compensate for loss of function in *DUOX2*.[48](#hep41103-bib-0048){ref-type="ref"}, [49](#hep41103-bib-0049){ref-type="ref"}

Although none of the variants in this study were significant predictors of mortality, a SNP in the intron of *NOX4*, rs10830277, was mildly associated with the risk of death. To our knowledge, there are no reports evaluating this SNP for its role in liver disease. There are contradictory studies regarding *NOX4* as a prognostic factor for HCC. Ha et al.[50](#hep41103-bib-0050){ref-type="ref"} found that patients with low NOX4 protein expression had significantly lower recurrence‐free and overall survival compared to those with high protein expression. However, Lu et al.[46](#hep41103-bib-0046){ref-type="ref"} measured *NOX4* transcripts in HCC tumor tissues and found that they were not associated with recurrence‐free or overall survival. Further studies are needed to elucidate the effect of *NOX4* expression on survival in patients with liver disease.

A limitation to our study is the small number of study participants given the number of SNPs tested; this reduced statistical power. We attempted to maximize power by objectively reducing the number of candidate SNPs, collapsing patients into fewer phenotypic groups based on recoding strategies, and using stringent statistical methods. Nonetheless, we recognize the need to validate this study in a larger cohort of African and Caucasian patients with HCV. We also acknowledge that there could be a confounding effect of treatment on the association between SNP composition and Ishak score; however, this confounding could only exist for the highest Ishak score achieved because that was the only phenotype (potentially) measured after treatment had begun. All other phenotypes, including the first Ishak score, were measured prior to treatment.

We anticipate that polymorphisms in the NOX gene family are one of many factors that contribute to the progression of liver disease. Our study suggests that NOX polymorphisms may be deleterious in some cases but protective in others. Further studies are necessary to confirm the roles of our target SNPs and to determine whether additional NOX polymorphisms are related to disease progression. Nonetheless, it is likely that NOX family proteins and the polymorphisms affecting their structure or function are universally involved in liver disease, regardless of etiology. NOX proteins are strongly implicated in the development of hepatic fibrosis.[51](#hep41103-bib-0051){ref-type="ref"}, [52](#hep41103-bib-0052){ref-type="ref"} They mediate, in part, the activation of hepatic stellate cells, which in turn release collagen to the extracellular matrix, forming the scar tissue that is the hallmark of fibrosis. NOX‐derived ROS also promote hepatic stellate cell proliferation and hepatocyte apoptosis. NOX inhibitors are therefore currently being tested as therapeutics for hepatic fibrosis.[51](#hep41103-bib-0051){ref-type="ref"}, [52](#hep41103-bib-0052){ref-type="ref"}

This study was the first to explore the relationship between the genetic makeup of NOX genes as a functional group and measures of liver damage. Our results suggest that, in the context of hepatitis C, genetic variants in NOX family members may act as risk factors for disease. We identified two SNPs that are significantly associated with hepatic fibrosis and one that is associated with periportal inflammation. None of these SNPs have been previously associated with any chronic human disease. Future studies investigating these SNPs in larger cohorts of patients with HCV and in patients with other chronic diseases are warranted. Although treatments for HCV are becoming more widespread and effective, knowledge of the genetic risk for disease progression could prove extremely helpful in stratifying patients into different treatment groups, especially at earlier stages of disease.
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Additional Supporting Information may be found at [onlinelibrary.wiley.com/doi/10.1002/hep4.1103/full](http://onlinelibrary.wiley.com/doi/10.1002/hep4.1103/full).
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**Supplemental Table 1.** SNPs analyzed for associations with liver fibrosis and inflammation in the African (ASW) and Caucasian (CEU) cohorts. This list includes only those SNPs that were retained after the LD pruning step.
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Click here for additional data file.
